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ABSTRACT 
Inthispaper,wedevelopabi–leveltransferableairpollutantprice(TAPP)model,andusethemodeltofindwaysto
mitigateChina’sinterprovincialairpollutioncontrolproblem.Inthismodel,theleaderisChina’scentralgovernment
and the followers consistofChina’s31provinces.The leaderaims todecrease thenation's totalpollutant control
costs,whereaseachprovinceattemptstominimizeitspollutioncontrolcostsbybalancingitsownpollutantreduction
costwithtransferpaymentstoorfromotherprovinces,inthecontextofatransferpricesetbytheleader.Wechosea
Karush–Kuhn–Tuckerapproachwithanembeddedbisectionalgorithmtosolvethemodel.WethenappliedtheTAPP
model to the seriously polluted Beijing–Tianjin–Hebei area of China. Comparedwith the current command–and–
control regulationapproach, theTAPPmodel for theBeijing–Tianjin–Hebeiareadecreased the totalenvironmental
costbyUS$3964.61×103(10.5%ofthecurrentcommand–and–controlregulationcost).Thisdemonstratedthatthe
TAPPmodelwassuperiorbecauseitbothmitigatedtheproblemofairpollutiontransportacrossregionalboundaries
andutilizedtheavailableresourcesofthestudyareamoreefficiently.
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1.Introduction

China’s smog–filled cities are ringed with heavy industry,
metal smelters, and coal–fired power plants, all of which are
criticaltoChina'sfast–growingeconomy.However,theyspewtons
ofcarbondioxideandmonoxide,othergases,particulatematter,
andsootintotheair.Asaresult,airpollutionproblemsaresevere
inmuchof thecountry. InBeijing,China'scapital,pollution levels
greatlyexceededlevelsjudgedtobehazardoustohumanhealthin
January2013;althoughthisspecificeventwasexceptional,similar
events are increasingly common. China is therefore facing a
significant air pollution problem that is placing considerable
pressureonthecentralgovernmenttosolvetheproblem.China’s
central government currently applies command–and–control
regulation (CCR) to control air pollution, whereas developed
countriesusepollutiondischargepermittrading.Forexample,the
U.S.CleanAirActAmendmentsof1990 (U.S.EPA,2013) initiated
the first large–scale experiment based with market–based
regulation tomitigateenvironmentalproblems;specifically, these
amendments introduced an emissions trading program for SO2.
Later thatdecade, theU.S. initiateda second large–scale trading
program to control NOX emissions. The U.S. emissions trading
marketshaveworkedwell:TheyreducedannualSO2emissionsby
9kt (about 50% of the original level). In a speech in 2012,Wu
Xiaoqing, vice–minister of China's Environmental Protection
Ministry,emphasizedthatChinahasadoptedasimilarformofjoint
preventionandcontrolof regionalpollution to takeadvantageof
synergistic capabilities for controlling the emissions of several
seriouspollutants,therebyreducingairpollution.

There are two major mechanisms to control pollutant
emissions:APigovian taxand tradablepollutionpermits (Nentjes
and Woerdman, 2012). A Pigovian tax, which was originally
proposedbyPigou(1920),isataxappliedtoamarketactivitythat
isgeneratingnegativeexternalities.Pigou(1954)pointedoutthat
theassumption that thegovernmentcandetermine themarginal
socialcostofanegativeexternalityandconvertthatamountintoa
monetaryvalueisakeyweaknessofthePigoviantax.Coase(1960)
arguedthatallsocialcostsarereciprocalinnature,andthatoncea
taxhasbeenset,itisdifficulttochange.Baumol(1972)alsonoted
that themeasurement of such social costs is almost impossible.
Because of these difficulties, we have focused on tradable
pollution permits in the present paper. As an instrument for
preventing unrestricted and ever–increasing emissions, the
tradable pollution permits have often been discussed in the
literatureonairandwaterquality(Prabodanieetal.,2010;Fisher–
Vanden and Olmstead, 2013). A variant of this method was
originated nearly 50 years agobyDales (1968),with the goal of
attaining water quality targets in a cost–effective manner, and
similar schemes are now frequently discussed in the realm of
environmental policy (Siebert, 2008). Generally speaking, a
tradablepermitorcreditschemecanbedescribedasacap–and–
tradescheme:thesocialplannerdeterminesthepolicytarget(the
cap) intermsofthequantity(totalnumberofpermitsorcredits),
anddistributesthemtoalltraders,whothenoperatewithinafree
markettodeterminethepriceforthesepermitsorcredits.

Attentionhasbeenpaidtotheimportanceoftradingpricesin
pollution reduction management. Cramton and Kerr (2002)
described how an auction of carbon permits is the bestway to
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achieve domestic carbon caps designed to limit global climate
change.SpringerandVarilek (2004) revealed thatevenamodest
price increasewillhaveasignificant influenceon thedecisionsof
consumers and investors in energy markets around the world.
Using theoretical and numerical analyses, Rosendahl (2008)
investigated the incentives and prices of an emission trading
schemewithupdating inaclosedsystem,andfoundthatthatthe
quota(orallowance)pricemost likelywillbeseveraltimeshigher
thanmarginalabatementcosts,unlessmarketparticipantsauction
a significant share of the allowances. Fischer (2008) found that
private incentives to reduce abatement costs depended on the
cost of carbon emissions and the extent towhich the polluters
could capture the gains through innovation. Liao et al. (2009)
showedthattheaverageshadowpriceoftradablepermitscanbe
interpretedastheequilibriumpriceonlywhenindividualfirmsare
assumed to be rational andminimize the cost of compliance by
adoptingtheoptimaltechnologyandbymakingpermitmarketing
(buy/sell)decisionsindependently.However,CaoandIkeda(2005)
revealed that the trading price is not easy to establish, nor can
tradable permits be implemented without a strong central
governmentcombinedwitha freemarket for trades.Fischerand
Morgenstern(2006)concludedthatthereisawiderangeofcarbon
abatementcostsandthatthismakesaccuratelyforecastingpermit
prices extremely difficult. Themajor problem is that for such a
schemetobeeffective, itrequires idealenvironmentalconditions
such as full, free, and instantaneous availability of all relevant
information to all buyers and sellers. A market also requires
complete freedom for trades between industries. Perfect
conditionssuchastheseareonlytheoreticallypossible.Themore
that the actual situation differs from the perfect conditions
required by theory, the more difficult it is to implement a
successfulmarketsystem.

Game theory provides an alternative to traditional market
mechanisms that includes most of the advantages of market
mechanisms,without theirmore seriousdrawbacks.Byanalyzing
the game between the central government and the regional
governments, Silva and Caplan (1997) demonstrated that
centralized intervention was not always necessary for efficient
controlof transboundarypollutionandshowed that interregional
income transfers may not be essential for decentralized
governments to behave efficiently in the presence ofmigration
movements and transboundary movements of pollutants. Kasa
(2000)assertedthepossibilityofexertingpoliticalpowertoreduce
emissions.Viguieretal.(2006)proposedabi–levelgamemodelto
assess the European Union's carbon emission allowance trading
market, which was promoted by the European Commission.
Barcena–Ruiz (2006)analyzedagamebetween twogovernments
onwhethertosetanenvironmentaltaxsequentiallyorsimultaneͲ
ously, depending on transboundary pollution spillovers, and
concludedthatwhenthedegreetowhichenvironmentalpollution
spills over to trading partners is high enough, each government
wantstoavoidbecomingthefollowerintaxes.ParkandLee(2011)
investigatedtherelationshipbetweeneconomicdevelopmentand
air pollution at a regional level, and based on their results,
suggested that environmental policies should consider regional
characteristics and differences. By considering the impact of
anthropogenic emission sources, Farooqui et al. (2013) revealed
that the government needs a new policy to mitigate ozone
concentrations over local and regional areas in Texas under the
presentandfutureozonestandards.

In China, the central government spentmore than 10 years
investigating the possibility of an emissions trading market.
Nevertheless, ithasnotyetbeen implemented.Zhaoetal.(2012)
recently developed a rigorous quantitativemodel that could be
used toanalyze thepossibilityofa transfer taxon transboundary
water pollution in China’s river basins. Using a transfer tax, the
centralgovernment isableto implementanecologicalcompensaͲ
tionstandardthatenhancescooperationamongregionstoachieve
pollution reductionand isable toachieve theminimumpollution
reductioncostforthewholeriverbasin.

In thepresentstudy,weproposea transferableairpollutant
price (TAPP)model based on the successes and insights of this
previousresearch.Inaddition,weincorporateaStackelberggame
theory approach (Stackelberg, 1952) between the central
governmentand the individualprovincesofChina. In thismodel,
thecentralgovernmentdefinesanoptimal transferablepollutant
pricetoattainthedesiredairqualitystandardatthelowestcontrol
cost, and each province adopts an optimal pollutant reduction
strategytomeettheairqualitystandardatthelowestcontrolcost
underaunifiedlevy(i.e.,transfertax)policy.Becausethispolicyis
thesameforallparticipantsinthegame,thiseliminatesproblems
relatedtodifferencesamongparticipantsintheirknowledgeofthe
market. This situation can be modeled as a bi–level decision–
makingoptimizationproblem (Dempe,2002;Colsonetal.,2007),
which is based on a Stackelberg game with a leader–follower
strategy(Stackelberg,1952;Ougolnitsky,2012;Wangetal.,2012).
The upper–level decision–maker (the leader) is China’s
Environmental ProtectionMinistry, as the representative of the
centralgovernment,andChina's31provincesarethe lower–level
decision–makers (followers). The basic principle of bi–level
optimization is for the leader to optimize its objective while
recognizing that the followersmust independentlyoptimize their
own objectives. The leader thus tries to influence the followers
throughincentives(ordisincentives)sothattheiractionswilltend
to optimize the leader’s objective.Deterministic algorithms have
been developed to solve both linear optimization problems
(Calvete et al., 2008; Kuo andHan, 2011) and nonlinear bi–level
optimizationproblems (Colsonetal.,2005;Andreanietal.,2009;
Wangetal.,2011).Inthepresentstudy,wefocusedonnonlinear
optimizationbecausethereductioncost isexpectedtobeconvex
withrespecttothequantityofpollutionreduction.

TheclassicalKarush–Kuhn–Tucker(KKT)approach(alsocalled
the first–order approach) to derive the necessary optimality
conditions for nonlinear optimization problems replaces the
optimization problem with its own KKT conditions (Bertsekas,
1999). Interested readers can refer to the KKT conditions in the
Appendixformoredetails.Recently,thisapproachhasbeenwidely
applied tobi–leveloptimizationproblems inmany fields (Ye and
Zhu,2010;Ruszczynski,2011).

2. Formulation of the TAPP Model for China’s
InterprovincialAirPollutionControl

We consider China’s interprovincial air pollution control
problembasedonanunderlyingcompletedirectedgraphG(I,T),
where I={1, 2, … 31}, of cardinality 31 (i.e., the number of
provinces) that denotes the set of nodes, and T, of cardinality
ȁܫȁሺȁܫȁ െ ͳሻȀʹ that denotes the set of arcs.A node represents a
province that can potentially transfer pollutants or pollutant
creditsor theendofanarcalongwhichpollutantsorcreditsare
transferred. The arc set T denotes the pollutant quantity
transferred between each pair of provinces. Some other basic
variablesusedintheTAPPmodelaredescribedinTable1.

Assume thatChina's31provincesareembodied inabubble
set, similar to the approach used in the U.S. Environmental
ProtectionAdministration'sbubblepolicy (U.S.EPA, 1984). In this
bubble set, pollutants can be transferred freely among all
provinces. In the remainderofourmodeldevelopment,wehave
made the following assumptions on the reduction cost function
andtheboundsofthereductionvariables:

(a) For any ݅ א ܫ, ܴܥ௜ǣ ܴାଵ ՜ ܴଵ is strictly increasing and strictly
convex.
(b) 1 0 max 0 max 1max{ , }i i i i i t t i i
i I i I
r r r r r rD J E
 
      ¦ ¦ 

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Table1.Notation
Variable Explanation
r0i Theannualinitialairpollutantquantityproducedbyprovince݅ א ܫ.
r0t ThetotalannualairpollutantindustryquantityproducedbyallprovincesinChina,where 0 0t i
i I
r r

 ¦ .
r1i Theannualindustrialairpollutantquantityproducedbyprovince݅ א ܫ.
rimax Themaximumquantityofairpollutantemissionsforprovince݅ א ܫ basedonthenationalpollutantqualitystandard.
rtmax ThetotalmaximumquantityofairpollutantemissionsforallprovincesinChina,where max maxt i
i I
r r

 ¦ .
ri Theannualairpollutantreductionbyprovince݅ א ܫ.
Tik
Thepollutantquantitytransferredbetweenprovincei andprovincek duringoneyear.ThesignofTikdepends
onthetradeoffbetweentheactualpollutantconcentrationandthenationalqualitystandardatthe
transboundarysection,anditrevealsthepollutanttransferredfromprovinceitoprovincekorfromprovincek
toprovincei.
P
Theproposedunitpriceofthetransferablepollutantusedtocalculatethecompensationamongprovinces,
whichmeansthatapaymentwillbeleviedontheprovinceifthepollutantquantitythatittransfersthroughthe
transboundarysectionexceedsthequotaassignedbyChina’scentralgovernment.Conversely,apaymentwill
beawardedtotheprovinceascompensationiftheprovinceabatesmoreofthepollutantthanitsquota
assignedbythecentralgovernment.
RCi Theannualairpollutantreductioncostfunctionforprovince݅ א ܫ.
ɲi Thelowerlimitcoefficientoftheannualpollutantquantityproducedbyprovince݅ א ܫ.
ɴi Theupperlimitcoefficientoftheannualpollutantquantityproducedbyprovince݅ א ܫ.
ɶi Theupperlimitcoefficientofthenationalpollutantqualitystandardforprovince݅ א ܫ.
ʋi Theannualtotalenvironmentalcostforprovince݅ א ܫ.
ʋt Theannualtotalenvironmentalcostfunctionofallprovinces,where t i
i I
S S

 ¦ .
Wi Theannualvolumeofexhaustgasemissionforprovince݅ א ܫ.

Note that (a) is a standard assumption,which indicates that
themarginalreductioncostisincreasing,whereas(b)isreasonable
since the set of provinces that can potentially participate in the
TAPPmodelshouldbenon–empty.

IntheTAPPmodel,China’scentralgovernmentcanimplement
a unified price levy policy designed to give each province an
incentive to cooperate to achieve a greater overall pollution
reduction so as to stimulate cooperation among provinces to
control air pollution. On one side of the game, the central
governmentadoptsthetacticofchoosinganoptimaltransferable
pollutantpricepinordertoattainthedesiredairqualitystandard
atthelowestenvironmentalcost.Ontheotherside,eachprovince
adoptsthetacticofchoosingitsoptimalpollutantreduction(ri)to
meet the air quality standard at the lowest environmental cost
under the unified levy policy. As the supervisor of overall
environmentalquality inChina, the central government first sets
thetransferablepollutantpricep,andthisdecisionmusttakeeach
province’s reaction into consideration. Next, each province
choosesitspollutantreductions(ri)basedonitsknowledgeofthe
centralgovernment'sdecision.Themodelthenrepresentsagame
betweenChina’scentralgovernmentandits31provinces.

Thereisnoenvironmentaldamageifthelevelofthepollutant
in each province ݅ א ܫ is below the national standard for that
pollutant.Thatis:

0 max
,
i i i ik
k i k I
r r r T
z 
   ¦  (1)

Since
,
0ik
i I k i k I
T
 z 
 ¦ ¦ , the sum of Equation (1) for all 31
provincesisexpressedasfollows:

0 max 0t t i
i I
r r r

   ¦  (2)

For province ݅ א ܫ, its total environmental cost (ʋi) is the
productoftwocomponents;thepollutantreductioncostandthe
transferpaymentstoorfromotherprovinces:

0 max( , ) ( ) ( )i i i i i i ir p RC r r r r pS       (3)

Thenthetotalenvironmentalcost(ʋt)forthe31provincesis:

0 max
( , )
( ) ( )
( )
t i i
i I
i i i i i
i I i I
i i
i I
r p
RC r r r r p
RC r
S S

 

 
    
 
¦
¦ ¦
¦
 (4)

Province ݅ א ܫ minimizes its environmental cost (ʋi) by
adjusting itspollutantreduction(ri)undertheunifiedtransferable
pollutant price, synchronously subject to the following capacity
constraint:

1 1 ,i i i i ir r r i ID E d d     (5)

Weassumethat0<ɲi<1and0<ɴi<1.

Wealsoassumethattheairtreatment facilitiesofprovince i
canhandleaquantityofapollutantthatisnomorethanߛ௜times
themaximumenvironmentalcarryingcapacity:

0 maxi i i ir r rJ d   (6)

whereߛ௜ш1.

Based on the above analysis, the TAPP model can be
expressedasabi–levelprogram,namely:


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0
min t i i
p i I
RC rSt 
  ¦  (7)

0 max. . 0t t i
i I
s t r r r

    ¦  (8)

min
ir
( , )i ir pS  i iRC r  0 maxi i ir r r p     (9)

1 1. . i i i i is t r r rD E  d d   (10)

0 max ,i i i ir r r i IJ d    (11)

whereʋtistheobjectivefunctionoftheupper–levelproblemand
ʋi are the objective functions of the lower–level problem,which
consists of the 31 interrelated sub–problems (i.e., one per
province). China’s central government aims to optimize its
objectivefunction(ʋt)withrespecttothevariablep,whereaseach
province aims to optimize its own objective function (ʋi) with
respecttoriunderthegivenpollutanttransferprice.

Forsimplicity,foranyprovinceא ܫ,let݈௜ ൌ ݉ܽݔሼߙ௜ݎଵ௜ǡ ݎ଴௜ െ
ߛ݅ ݎ݅  and ݑ݅ൌߚ݅ ݎͳ݅. Then we can reformulate the TAPP
modelasfollows:

0
min ( )t i ip i I
RC rSt 
  ¦  (12)

0 max. . 0t t i
i I
s t r r r

    ¦  (13)

0 maxmin ( , ) ( ) ( )
i
i i i i i i ir
r p RC r r r r pS       (14)

. . ,i i is t l r u i I d d   (15)

If each lower–level province reaches its optimal goal with
optimal reaction ri satisfying condition (13), then theupper level
(i.e., the central government) obviously arrives at its optimal
minimumpollutantemission.

Foranygivenpш0, the reactionofallprovinces r*=(r1*, r2*,…
r31
*) isthereactionofallprovinces ifandonly if forany i=1,2,…
31,ri*istheoptimalsolutiontothefollowingsub–problem:

0 maxmin ( , ) ( ) ( )
i
i i i i i i i
r
r p RC r r r r pS       (16)

. . , .i i is t l r u i I d d   (17)

InviewoftheKKTconditions forthemodel (Proposition1 in
theAppendix),wehave:

' * *
' * *
' * *
( ) ,
( ) ,
( ) ,
i i i i
i i i i i
i i i i
RC r p r l
RC r p l r u
RC r p r u
­ t  °°   ®° d  °¯
 (18)

whereܴܥ௜ᇱሺݎ௜כሻisthederivativeofܴܥ௜ሺݎ௜ሻwithrespecttoݎ௜atݎ௜כ.

Equivalently,forany݅ א ܫ

'
* ' 1 ' '
'
, ( )
( ) ( ), ( ) ( )
, ( )
i i i
i i i i i i
i i i
l p RC l
r RC p RC l p RC u
u p RC u

­ d°°  ®° t°¯
 (19)
whereሺܴܥ௜ᇱሻିଵistheinversefunctionofܴܥ௜ඁ(Thisnotationmakes
sensesinceforany݅ א ܫsinceܴܥ௜ඁisstrictlyincreasing).

Basedontheaboveanalysis,wechosetouseaKKTembedded
bisection algorithm. For any ݅ א ܫ, we can denote the reaction
functionri(p)ofprovinceiasfollows:

'
' 1 ' '
'
, ( )
( ) ( ) ( ), ( ) ( )
, ( )
i i i
i i i i i i
i i i
l p RC l
r p RC p RC l p RC u
u p RC u

­ d°°  ®° t°¯
 (20)

Taking the continuous function ri(p) into the equation
0 max ( ) 0t t i
i I
r r r p

   ¦ , we can apply the typical bisection
algorithmwhich repeatedlybisects anintervaland then selects a
subintervalinwhicharootmustlieforfurtherprocessingtoobtain
the optimal price p* and the corresponding optimal reduction
r*=[r1(p
*),r2(p*),…,r31(p*)].

3.CaseStudy:theBeijing–Tianjin–HebeiArea

China'sEnvironmentalProtectionMinistrypublishedareport
in November 2010 (MEPPRC, 2010) inwhich a third of the 113
citiesthatitsurveyedfailedtomeetnationalairqualitystandards
in2009.Beijingwas thecitywith theworstpollution.Due to the
highmobilityofairpollutants,Beijing,Tianjin,andHebeiprovinces,
whichborderoneachother,isthemostseriouslypollutedareaof
China.Individualprovincesarenotcapableofsolvingthisproblem
becausetheycannotcontrolinputsofairpollutantsfromadjacent
provinces.Thus,toimprovetheregionalairqualityintheBeijing–
Tianjin–HebeiArea,HongFeng,thevice–MayorofBeijing,pointed
outthatthecentralgovernmentshouldpromote jointprevention
and controlmeasures, optimize the regional industrial structure
and composition, and shut down the small coal–fired electric
power generation plants that surround Beijing (Wang, 2011).
Around the same time, Hao Jiming, of the Chinese Academy of
Engineering, emphasized that not only the Beijing–Tianjin–Hebei
area, but also all of eastern China, should carry out joint
preventionandcontrolofairpollution (Ge,2012).Therefore,we
taketheairpollutantSO2intheBeijing–Tianjin–Hebeiregionasan
example to illustrate theuseof theTAPPmodeland toverify its
effectiveness.

AnalysesbyDasguptaet al. (1997) suggested that three key
factors affect the air pollution reduction cost: the pollutant
removal rate (the difference between the average imported
concentration at pollutant reduction facilities and the average
exported concentration from those facilities, divided by the
average imported concentration at the pollutant reduction
facilities), thevolumeofexhaustgas that isemitted (Wi),andan
economicfactorthataccountsfortheregionalindustrialstructure,
corporateownership structure,pollution control technology, and
otherrelevantfactors.Thepollutantreductionequalstheremoval
ratemultipliedby the volumeofexhaustgasemission.Thus,we
modified thepollutant reduction function to reveal the impactof
pollutionreductiononthereductioncostfunction:

i i
i i i iRC W r
M PT   forany݅ א ܫ (21)

whereߠ௜,ʔi,andμiareparametersthatcanbedeterminedbased
onempiricaldataanalysis.

Table2summarizes7yearsofstatisticaldatafromtheChina
Environment Yearbook (NBSC,2013),whichweused toestimate
ߠ௜,ʔi,andμi,forany݅ א ܫ.


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Table2.DataonSO2emissionsandtreatmentcostsfrom2003to2009.AllcostsareinU.S.dollars,andwereestimatedbasedonaconversion
rateof6.5US$/RMB.Source:NBSC(2013)
Province Year
Volumeofexhaustgas
emission
(×1010m3)
SO2reduction
(×104t)
Costofairpollutant
reduction
(×103 US$)
CostofSO2reduction
(×103US$)
Beijing 2003 300.5 2.4 72826.5 4661.7
2004 319.8 3.6 73846.2 5541.5
2005 353.2 4.7 87692.3 7469.3
2006 464.1 6.8 75998.9 7985.1
2007 514.6 12.5 175505.2 34353.5
2008 431.6 11.2 116072.3 24853.6
2009 440.8 11.3 138648.8 33887.5
Tianjin 2003 436.0 4.4 36462.5 2916.8
2004 305.8 5.0 70769.2 9917.2
2005 460.2 10.8 152307.7 32508.4
2006 651.2 17.7 94743.2 26238.0
2007 550.6 16.5 14883.4 20609.2
2008 600.5 22.1 220773.4 61713.8
2009 598.3 25.7 258830.8 73567.3
Hebei 2003 1576.8 21.2 152806.3 13974.7
2004 2169.6 51.3 246153.8 40401.7
2005 2651.8 70.3 363076.9 61304.4
2006 3925.4 72.3 731046.5 115823.0
2007 4803.6 133.5 655525.5 177786.9
2008 3755.8 92.8 819449.8 158598.8
2009 5077.9 123.8 1171050.6 282780.8

Table3provides the statistical significanceof the regression
results for the reduction cost functions of Beijing, Tianjin, and
Hebei.By accounting for the exhaust gas emissions (Wi) in 2009
intothereductioncostfunctionRCiforthethreeprovinces inour
example(i=1,2,and3),wecanobtainreductioncostfunctionsfor
eachprovince:

1.835
1 1: 221.69Beijing RC r  (22)

2.323
2 2: 26.03Tianjin RC r  (23)

1.251
3 3: 458.47Hebei RC r  (24)

Table3.Resultsoftheregressionanalysisforthecostreductionfunctionfor
thethreeprovincesinourstudy
Regressionresults
Province
Beijing Tianjin Hebei
R2 0.926 0.935 0.978
t–test 3.813 5.830 4.549
p–value 0.019 0.004 0.138

InChina,enterprisesandpublic institutions ineachprovince
usuallyhave theirowndecontaminationequipment,and theyare
requiredby state regulations to treatat least someproportionof
thepollutantstheygenerate.Whenthisproportionislow(suchas
40%), the corresponding reduction cost is also low and the
pollutants are usually easy and economical for a province to
reduce. Therefore, provinces prefer to deal with pollutants
themselves.Inordertoencouragetheprovincestojointlyprevent
andcontrolairpollution,weadoptedɲi=0.4inourcasestudy.

When theproportion reaches40%andabove, the reduction
costwill increase significantly.Generally, there is an exponential
relationshipbetweenthereductioncostandtheproportionofthe
pollutant concentration that is reduced (Cao,1999). Ineconomic
theory, the primary purpose of each province is tomaximize its
profit.When the reduction cost for a province becomes higher
than its profit from cooperation, it will have no incentive to
participateininterprovincialcooperativepollutioncontrol.Inorder
to takeadvantageofeconomiesof scaleofprocessingpollutants
and thereby reduce the processing cost for each province, we
assumedthatɴi=0.9inourcasestudy.

According to the allocation rules currently in force inChina,
theassigned reduction task iswithin theenvironmental capacity,
withacertain levelof flexibility.Tooptimize theredistributionof
pollutantreductionquantitiesamongtheprovinces,provincesare
encouragedtouseanyunusedtreatmentcapacitytoreducemore
pollutantsthantheirassignedquotaifsuchanactivityisprofitable.
Thus, all ߛ௜ are greater than 1. On the other hand, there is a
coefficient for theupper limitof the reduction capacity foreach
province, and the marginal cost will skyrocket for reductions
beyondthatlimit.Weadoptedavalueofߛ௜=1.3,althoughdifferent
valuescouldbeusedindifferentapplications.

The optimal transferable pollutant price in 2009 can be
calculatedbyapplyingtheTAPPmodel.TheoptimalSO2reduction,
transfer quantity, and environmental compensation payments
between Beijing, Tianjin, and Hebei are listed in Table 4. The
optimaltransferablepollutantpricein2009wasUS$313.98/t.

According to Table 4, Beijing should compensate Hebei by
paying US$87.92×103 for providing a reduction of 2.8 thousand
tons of SO2 emission, and Tianjin should compensate Hebei by
paying US$ 2298.37×103 for providing a reduction of
73.2thousand tons of SO2 emission. Therefore, Hebei should
receiveatotalcompensationofUS$2386.29×103fordealingwith
an additional reduction of 76 thousand tons of SO2 beyond its
quota.

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Table4.ComparisonoftheresultsinBeijing–Tianjin–Hebeiareausingtwomodels

Province
Total
Beijing Tianjin Hebei
SO2reductionunderCCRa(×103t) 71.8 248.2 1175.2 1495.2
SO2reductionunderTAPPb(×103t) 69 175 1251.2 1495.2
Transferquantity(×103t) 2.8 73.2 –76 0
Environmentalcompensation(×103US$) 87.92 2298.37 –2386.29 0
SO2reductioncostunderTAPP(×103US$) 1267.92 5393.75 27272.18 33933.85
SO2reductioncostunderCCR(×103US$) 1270.77 6969.23 29658.46 37898.46
aCCR:command–and–controlregulation.
bTAPP:transferableairpollutantprice.
Thecompensationpaymentrepresentstheamountthataprovincepaysto(positivevalues,becausetheyincreasethecost)or
receivesfrom(negativevalues,becausetheydecreasethecost)theotherprovinces.

Compared with the current CCR mechanism, the proposed
TAPP model reduces the total environmental cost by
US$3964.61×103 (10.5% of the current CCR cost). This
demonstrates that the TAPP model is superior because it both
mitigates the problem of air pollution problem across regional
boundaries andutilizes the available resourcesof the study area
moreefficiently.Inaddition,eachprovincedecreaseditstotalcost
comparedwith theCCRmechanism, therebyproviding incentives
tocooperatewiththeotherprovinces.

Tables 2 and 4 show that the three provinces differ
significantly fromeachother inseveral realisticways.Beijingand
Tianjin have a superior industrial structure and composition
comparedwithHebei.Beijinghasmoreadvancedcleantechnology
than Tianjin and Hebei, and therefore generates less pollution.
HebeiislargerandhasahigherpopulationthanBeijingandTianjin,
and generates more pollution. Therefore, the unit costs of
pollutantreductionforthethreeprovincesdiffersignificantly.

4.Conclusions

Nowadays,Chinaisvigorouslypromotingenergyconservation
to improveairquality.Ourresearchhas justconsidered insucha
macrobackgroundthattheTwelfthFive–YearPlanofChinaclearly
pointsout the targetofenergy conservation.Under thenational
pollutant discharge standard, we propose the TAPP model on
China’s interprovincialairpollution controlproblem,withChina’s
central government functioning as the leader and China’s 31
provinces functioning as the followers. At the upper level, the
leader aims to reduce the country's total pollution level and
pollutantcontrolcosts,whereaseachprovinceseeks tominimize
its own pollution control cost by transferring payments to other
provincesor receivingpayments fromotherprovinces, given the
transfer price set by the leader. We chose a KKT embedded
bisection algorithm that successfully solved the TAPPmodel.We
then applied the TAPP model to Beijing–Tianjin–Hebei area of
China. Comparedwith the current CCR, the TAPPmodel sharply
reducedthetotalcontrolcostaswellasthecosttoeachprovince,
representingawin–winsolution.TheTAPPmodelshouldtherefore
provide substantial environmental and public health benefits. It
hasthepotentialtoguidethecentralgovernment'sEnvironmental
ProtectionMinistry and other stakeholders to meet China's air
pollutionreductiontargetsinthefuture.

WeusedSO2as theairpollutant inour case study. SO2 isa
primarypollutantbecauseofChina'sheavyrelianceonsulfur–rich
coaltogenerateheatandelectricity,andthereforehasanexplicit
control target in China’s “Twelfth Five Year Plan”. Given its
ecological and human health impacts, SO2 emission provides a
goodexampleofatypicalpollutionindex.However,theresultsor
ouranalysisare likelytobevalidforNOX,atmosphericparticulate
matter, andmany other pollutants, although the quantities and
costswoulddiffer.Itisimportanttonotethatourmodelrelieson
reasonable and easily justified assumptions. These favorable
characteristics indicate that our results could be successfully
extended to larger regions to help China copewith the serious
problemoftransboundaryenvironmentalproblems.

Appendix

Karush–Kuhn–Tucker(KKT)conditions.Bertsekas(1999)describes
theoverallapproachtodescribingtheKKTproblems.Considerthe
optimizationproblem:

 min f x  (25)

1. . ( ) 0, , ( ) 0ms t h x h x   "  (26)

1( ) 0, ,g x d "   0ng x d  (27)

where f, hk, and gl are continuously differentiable and convex
functions,k=1,…,m,andl=1,…,n.

Then let x* be the minimum for the above optimization
problem if and only if there exist Lagrange multiplier vectors
ߣכ ൌ ߣଵכ ǡ ߣଶכ ǡ ǥ ǡ ߣ௠כ andߤכ ൌ ߤଵכǡ ߤଶכǡ ǥ ǡ ߤ௡כ suchthat

* * * * *
1 1
( ) ( ) ( ) 0
m n
x k k l l
k l
f x h x g xO P
  
      ¦ ¦  (28)
  * *0, 0, 1,2, ,l lg x l nP t d  "  (29)

* *( ) 0, 1,2, ,l lg x l nP   "  (30)

Proposition 1. Suppose for any i=1, 2,… 31, the reduction cost
functionܴܥ௜ሺݎ௜ሻisconvex.Thenforanygivenpш0,ri*istheoptimal
solutiontothefollowingproblem:

   0 maxmin ( , )
i
i i i i i i ir
r p RC r r r r pS       (31)

. . .i i is t l r u d d  (32)

Ifandonlyifitsatisfiestheequations:

' * *
' * *
' * *
( ) ,
( ) ,
( ) ,
i i i i
i i i i i
i i i i
RC r p r l
RC r p l r u
RC r p r u
­ t  °°   ®° d  °¯
, (33)

whereܴܥ௜ᇱሺݎ௜כሻisthederivativeofܴܥ௜ሺݎ௜ሻwithrespecttoݎ௜atݎ௜כ.
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Proof.According to theKKTconditions, forany i=1,2,…31, ri* is
theoptimalsolution ifandonly ifthereexistLagrangemultipliers
ᢡ௜כ ൒ Ͳand߬௜כ ൒ Ͳsuchthat

' * * *( ) 0i i i iRC r p K W     (34)

* 0,iK t  * 0iW t  (35)

* *,i i i il r r ud d  (36)

* *( ) 0i i ir uK    (37)

* *( ) 0i i ir lW    (38)

whereܴܥ௜ᇱሺݎ௜כሻisthederivativeofܴܥ௜ሺݎ௜ሻwithrespecttoݎ௜atݎ௜כ.

Simplifying(34)–(38),wehave

' * *
' * *
' * *
( ) ,
( ) ,
( ) ,
i i i i
i i i i i
i i i i
RC r p r l
RC r p l r u
RC r p r u
­ t  °°   ®° d  °¯
 (39)

Thus,wecompleteourproof.
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